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Abstract 
 
We experimentally discovered that Al2O3 and MgO exhibit well-pronounced nanometric 
modifications on the surfaces when irradiated under grazing incidence with 23 MeV I beam, 
in contrast to normal incidence irradiation with the same ion beam when no damage was 
found. Moreover, ions in these two materials produce notably different structures: grooves 
surrounded with nanohillocks on MgO surfaces vs. smoother, roll-like discontinuous 
structures on the surfaces of Al2O3. To explain these results, detailed numerical simulations 
were performed. We identified that a presence of the surface inhibits recrystallization 
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process, thereby preventing transient tracks from recovery, and thus forming observable 
nanopatterns. Furthermore, a difference in the viscosities in molten states in Al2O3 vs. MgO 
explains the differences in the created nanostructures. Our results thus provide a deeper 
understanding of the fundamental processes of surface nanostructuring, potentially allowing 
for controlled production of periodic surface nanopatterns. 
 
Keywords: Ion irradiation, Irradiation effects, swift heavy ion, Atomic force microscopy, MD 
Simulation  
 
1. Introduction 
 
Nanometric effects caused by swift heavy ion (SHI) beams have found diverse applications 
such as production of track-etched membranes [1], hadron therapy [2], and testing of 
semiconductor devices [3]. Nanoscale damage along an SHI path is usually called an ion track 
and can be observed with various experimental techniques. Understanding of involved 
physical processes is still incomplete, and various mechanisms have been proposed for 
damage formation caused by these ions [4,5].  
At low levels of energy deposited by an SHI, the initial excitation dissipates leaving an 
almost unaffected material around the ion path. Initially, it was thought that this effect could 
severely limit ion track research at small and medium sized accelerator facilities, but recent 
developments have demonstrated otherwise [6]. This paper shows that grazing incidence SHI 
irradiation below the bulk threshold energy of track formation can cause considerable surface 
damage, thus enabling this line of research at smaller accelerator facilities [7-9]. 
At the low-energy shoulder of the Bragg-peak, the threshold for ion tracks in Al2O3 
after normal incidence of an SHI is well known: it is ~10 keV/nm in the bulk [10-12], and the 
threshold for nanohillocks formation observed by means of atomic force microscopy (AFM) 
at the surface could be extrapolated to ~10 keV/nm as well [13]. In a case of normal incidence 
SHI irradiation of MgO, the threshold in the bulk is above 18 keV/nm [11,14,15], while at the 
surface small nanohillocks have been observed already at 15 keV/nm [13].  
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In this work, we examine the response of these two radiation hard oxides to grazing 
irradiation by iodine ions with the energy losses below the track formation threshold in the 
bulk. By using atomic force microscopy (AFM), time-of-flight elastic recoil detection analysis 
(ToF-ERDA), Rutherford backscattering spectrometry in channelling mode (RBS/c) and 
transmission electron microscopy (TEM), we demonstrate formation of long surface tracks 
induced by such grazing ions. These results are supported by numerical simulations based on 
the TREKIS code [16,17] which illustrate different mechanisms governing the formation of SHI 
tracks under normal vs. grazing incidence conditions in Al2O3 vs. MgO samples. 
 
2. Experimental details  
 
Single crystal Al2O3 (0001) and MgO (100) samples were purchased from CrysTec GmbH, 
Germany. The samples were 5×5 mm2 in size, and their thickness was 0.5 mm. The samples 
were epi-polished on one side, making them suitable for the AFM analysis. No sample 
preparation was done before the irradiation nor before the analysis except for the TEM 
preparation.  
The samples were irradiated using 23 MeV I6+ beam delivered from the 6 MV Tandem 
Van de Graaff accelerator at the Ruđer Bošković Institute (RBI) accelerator facility in Zagreb, 
Croatia. The crystals were irradiated in normal (5° off the surface normal to avoid channelling) 
and grazing (1° with respect to the surface) incidence geometries at the ToF-ERDA beamline 
[18]. According to the SRIM code [19], the stopping powers in MgO (dEe/dx = 8.53 keV/nm, 
dEn/dx = 0.42 keV/nm) and Al2O3 (dEe/dx = 9.1 keV/nm, dEn/dx = 0.45 keV/nm) are similar and 
the electronic component dEe/dx dominates the nuclear energy loss dEn/dx. 
Throughout the paper we operate with two separate quantities (and units): a) fluence 
[ions/cm2] – the number of ions impinging per unit area, and b) surface tracks density 
[tracks/cm2] – the number of tracks produced per unit area. These quantities are equal only 
for normal incidence irradiations and small fluences without significant track overlap. For 
irradiations out of normal incidence, due to the geometrical increase of projected exposure 
area, track density is equal to the fluence scaled by the sine of the irradiation angle. Therefore, 
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a typical ion fluence of ~3×1011 ions/cm2 used in the present work (for 1° grazing incidence 
angle of irradiation) results in formation of ~5×109 tracks/cm2 on the surface. 
After SHI irradiations, morphologies of the surface nanostructures were examined 
under ambient conditions using a Dimension 3100 AFM (Veeco metrology) in the tapping 
mode and using NCHR cantilevers (Nanosensors, Switzerland) with cantilever resonance 
frequencies of around 300 kHz. Additional AFM measurements were performed using 
NTEGRA Prima AFM (NT-MDT spectrum instruments) in the contact mode. The obtained 
images were analysed using Gwyddion code [20], and from the raw data (512×512) only a 
parabolic background was subtracted. 
The SHI irradiated samples were further analysed at the RBI accelerator facility using 
RBS/c and ToF-ERDA. The RBS/c was performed using 1 MeV proton beam from the 1 MV 
Tandetron accelerator. The beam spot size was 1 mm and the current was kept at a few nA. 
A silicon surface barrier detector was positioned at 160° with respect to the incoming beam 
direction for detection of backscattered ions [21,22]. The samples were aligned using an 
unirradiated part of the crystal by obtaining angular (tilt, azimuth) scan maps.  
For the in situ ToF-ERDA, 23 MeV I6+ beam from the Van de Graaff accelerator was 
used, and the measurements were conducted at the identical grazing incidence geometry, i.e. 
at 1° with respect to the sample surface, with the spectrometer positioned at 37.5° towards 
the beam direction [21]. After the collection of the data in the “list mode”, offline replay and 
analysis were performed using the Potku code [23] following the methodology developed in 
Ref. [7]. 
Finally, selected samples were analysed with TEM. Cross sectional TEM lamellae were 
prepared by a standard FIB lift-out procedure using a FEI Helios 650. Prior to exposing the 
irradiated surface to Ga ions, a ~200 nm thick carbon layer was deposited onto the area of 
interest using 1 keV electrons. 30 keV Ga ions were then applied to deposit more carbon to a 
final thickness of 2 µm before trench milling. Final thinning was performed using 5 keV Ga 
and polishing at 1 keV Ga energy. TEM imaging was performed in a JEOL ARM 200F TEM with 
imaging Cs corrector at 200 keV energy. 
 
 
5 
 
3. Experimental results 
 
3.1 AFM analysis of the surface 
The inspection of the surface by an AFM reveals long ion tracks on the irradiated side of both 
Al2O3 and MgO samples after the grazing incidence SHI impacts. As shown in Fig. 1, the SHI 
irradiation yields ion tracks in the form of chains of nanohillocks on the surfaces of Al2O3 
crystals. A typical height of the observed features is a few nanometers, and ion tracks have a 
high degree of periodicity. Larger nanodots occur due to the surface contaminations. From 
the applied ion fluence we estimate that the ion track production efficiency is close to one.  
However, after normal incidence irradiation, Al2O3 surface remained flat even after being 
exposed to a high fluence of 3×1013 ions/cm2. In the case of ion track formation, an increase 
of the surface roughness is expected [9], however no such effect was found in Al2O3 (the 
surface RMS roughness remained on the level of 0.1-0.2 nm). 
 
Figure 1. Ion tracks on Al2O3 surfaces after grazing incidence irradiation with 23 MeV I: (a) a 
track density of 5×109 tracks/cm2, and (b) 2×1010 tracks/cm2. (c) Surface after normal 
incidence irradiation with 23 MeV I6+ to a fluence of 3×1013 ions/cm2. Height scale is (0-3) nm 
in all images. 
 
In the case of MgO, similarly, ion tracks appear on the surface after grazing incidence 
SHI irradiation, while no effect is found after normal incidence irradiation, see Fig. 2. In this 
case, the morphology of the ion tracks appears to be different from the Al2O3 case. Instead of 
long chains of nanodots, long straight groves are observed. From the applied ion fluence, we 
a) b) c) Al2O
3 
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again estimate the ion track production efficiency to be close to unity. Similarly to the case of 
Al2O3, no increase in the surface roughness is observed after normal incidence irradiations to 
the fluence of 3×1013 ions/cm2 (the surface RMS roughness remained on the level of 0.1-0.2 
nm). 
 
Figure 2. (a,b) Ion tracks on MgO surfaces after grazing incidence irradiation with 23 MeV I. A 
track density of 5×109 tracks/cm2 is shown with different magnifications. (c) Surface after 
normal incidence irradiation with 23 MeV I6+ to the fluence of 3×1013 ions/cm2. Height scale 
is (0-3) nm in all images.  
 
3.2 ToF-ERDA study of surface elemental composition  
An additional investigation of the surface track formation during the grazing SHI exposure was 
accomplished using in situ ToF-ERDA. To monitor for possible changes of the elemental 
composition of the surface, we performed measurements under the same irradiation 
conditions, i.e. the same ion type, energy and incidence angle. From the analysis of spectra 
shown in Fig. 3, following the methodology developed in Ref. [7] and using the Potku code 
[23], we have found that the stoichiometry of the surface remains unchanged in both 
materials even for the highest fluences of 1×1012 tracks/cm2. Obtained final elemental 
concentrations are the same as the initial values, i.e. in the case of Al2O3 were c(Al) = 38±2 
at% and c(O) = 61±3 at%, while in the case of MgO concentrations were c(Mg) = 50±3 at% and 
c(O) = 49±3 at%. In the case of MgO, the observed gold signal comes from the gold-coated 
aluminium sample holder, while the iodine signal comes from the primary ion beam. In the 
case of Al2O3, a carbon coated aluminium sample holder was used. 
a) b) c) MgO 
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Figure 3. ToF-ERDA spectrum of (a) Al2O3 surface and (b) MgO surface. 2D map of the kinetic 
energy (E) versus the time-of-flight (TOF) of a recoil atom is shown. The colour indicates the 
number of events (intensity) for a given (TOF, E) pixel in a 2D map.  
 
3.3 RBS/c analysis of subsurface region 
RBS/c measurements were carried out to investigate possible formation of ion tracks below 
the surface after the normal incidence SHI irradiation. Fig. 4 shows that only a small amount 
of defects was formed after SHI irradiation of Al2O3 with the high fluence of 3×1013 ions/cm2. 
In a case of latent ion track formation, such a high ion fluence would have led to a significant 
amount of damage due to ion track overlap. The observed increase in the RBS/c yield, 
compared to the unirradiated sample in the case of Al2O3, is most likely due to dechanneling 
or backscattering from oxygen point-like defects. In the case of MgO, only a negligible amount 
of SHI induced defects is found. The peak observed close to the oxygen edge (around channel 
520) is due to the known p-Mg resonance at 820 keV. 
  
8 
 
 
Figure 4. (a) RBS/c spectra from Al2O3 sample irradiated with 23 MeV I ions to the fluence of 
3×1013 ions/cm2. (b) RBS/c spectra from MgO sample irradiated with 23 MeV I to the fluence 
of 3×1013 ions/cm2. “Random” stands for RBS spectrum, while “virgin” is RBS/c spectrum from 
an unirradiated sample. 
 
3.4 HRTEM investigation 
Finally, both MgO and Al2O3 samples irradiated with SHI at normal incidence at the low ion 
fluence of 2×1011 ions/cm2 were studied with transmission electron microscopy (TEM and 
HRTEM). The chosen fluence ensures that ion tracks (if any) would not overlap. A thin carbon 
foil of 20 g/cm2 (corresponding thickness is around 100 nm) was placed in front of the 
samples during the irradiation to ensure that the charge state of the SHI is equilibrated before 
the ion impact. This way, an ambiguity in the value of the SHI stopping power was eliminated. 
Fig. 5 shows bright field (BF) TEM micrographs of irradiated Al2O3 (a) and MgO (c) with HRTEM 
images of the irradiated surfaces of Al2O3 (b) and MgO (d). No evidence of ion track formation 
can be seen in either (a) or (c) panels. Both materials exhibit dark spot contrast due to 
radiation induced defects and subsequent stress fields but no aligned features indicating 
individual latent tracks can be discerned. The HRTEM image in the cross-section (b) shows an 
atomically smooth surface for Al2O3 with no visible hillocks on the surface. For MgO, it was 
not possible to confirm the absence or presence of hillocks since the surface was rather rough. 
The rough appearance was not due to lamella preparation as the crystal surface appeared 
visibly rough in the SEM prior to commencing lamella preparation. At present, the cause of 
this surface roughening is not clear but might be related to cratering due to single ion impacts. 
We note that this does not contradict the AFM results because those samples have been 
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irradiated with the ion beam having 6+ charge state. In that case, due to lower charge state 
of the impinging SHI, the energy loss of the projectile reduces below the threshold resulting 
in no nanostructures at the ion impact site.  
 
 
Figure 5. (a) TEM and (b) HRTEM micrographs of the SHI irradiated Al2O3, (c) TEM and (d) 
HRTEM micrographs of the SHI irradiated MgO.  
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4. Model 
 
We applied a hybrid model combining Monte Carlo (MC) and Molecular Dynamics (MD) 
simulations [24] to study the coupled kinetics of excitation and relaxation of the electronic 
and the atomic systems of Al2O3 and MgO irradiated with SHIs under the normal and grazing 
incidence. First, the Monte Carlo code TREKIS (Time-Resolved Electron Kinetics in SHI-
Irradiated Solids [16,17]) is used to describe SHI penetration, excitation of the ensemble of 
electrons, as well as energy transfer to lattice atoms via electron-lattice scattering. The cross 
sections applied in TREKIS are constructed within the complex dielectric function (CDF) 
formalism [25-27].  
A calculated radial distribution of the energy transferred to the lattice forms input 
data for the classical molecular dynamics code LAMMPS [28] simulating subsequent lattice 
relaxation and structure transformations around the ion trajectory [29]. The interaction 
between atoms in Al2O3 and MgO is described with pair Buckingham-type potentials with 
parameterization taken from Ref. [30]. The supercell size used in the MD simulations of 
normal-incidence ion passage was 20.4×20.5×19.4 nm3 (967500 atoms) in Al2O3 and 
24.7×24.7×14.9 nm3 (100800 atoms) with the periodic boundary conditions (PBC).  
To mimic an SHI impact at a grazing angle, the ion trajectory was set parallel to the 
surface at 1 nm depth along Z axis (corresponding to ~57 nm from the starting point of an ion 
trajectory at the surface). For grazing-incidence simulations, box sizes were 40.1×20.5×20.5 
nm3 (2040000) for Al2O3 and 40.1×19.8×19.8 nm3 (1751040 atoms) for MgO. To model a free 
surface, the box boundaries were extended by 20 nm at each side in Z direction, whereas X 
and Y borders remain under PBC.  
The borders of the computational cell (last 0.5 nm) in the X- and Y-directions (only Y-
direction for a grazing impact) were cooled to 300 K with the Berendsen thermostat [31]. The 
NVE (microcanonical) ensemble with 1 fs constant time-step was used in MD. The track 
evolution was traced up to 100-150 ps after the projectile passage. By this time, the 
temperature of the supercell would have decreased to below 400 K. Visualizations were made 
with the help of the OVITO software [32]. 
For an analysis of material properties, the viscosities of liquid MgO and Al2O3 at 
temperatures of 100 K above the melting points were calculated using molecular dynamics 
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and the Green-Kubo formalism which relates the stress/pressure tensor to the viscosity in 
terms of the autocorrelation functions [33,34]. Thus, an effect of the surface tension on 
surface damage by an SHI was estimated. The surface tension coefficient was determined as 
the difference of the normal and the parallel to surface components of pressures (𝛾 =
1
2
(𝜎𝑥𝑥 + 𝜎𝑦𝑦−2𝜎𝑧𝑧), where σab is the surface stress tensor [35]) of a liquid layer with two free 
surfaces [35]. For these estimations, the system was first equilibrated at a desired 
temperature within NPT (isothermal-isobaric) ensemble for 50 ps. Then, for evaluations of 
the viscosities in liquid states, the system was molten and kept at the temperature of 100 K 
above the melting point. The measured data were accumulated during 2 ns simulation with 
NVT (canonical ensemble) thermostat. Final values were obtained using double moving 
average of the raw data. 
 
5. Simulation results 
 
5.1 Normal incidence of SHI impact: tracks in the bulk 
Figure 6 demonstrates MD snapshots at 100 ps after a passage of 23 MeV I ion (with an 
equilibrium charge state) in a bulk Al2O3 and MgO. This ion produces only a little amount of 
damage in both targets. A track in Al2O3 is discontinuous, has a diameter less than 1 nm and 
consists of small damaged crystalline regions. The passage of an ion in MgO induces formation 
of a number of point defects. The kinetics of tracks formation is similar to that discussed in 
[15] where recrystallization of an area initially molten due to an ion passage was observed in 
both Al2O3 and MgO. It should be noted that within the present approach the calculated 
threshold of track formation in the bulk Al2O3 (~6-7 keV/nm [24]) is lower than the above-
mentioned experimental value of ~10 keV/nm.  
12 
 
 
Figure 6. MD simulation of 23 MeV I ion track: (a) projection along the ion trajectory and (b) 
cross-section perpendicular to ion path in bulk Al2O3; (c) and (d) similar views in bulk MgO. 
 
5.2 Surface effects after normal incidence SHI irradiation 
In order to understand effects of the surface to track formation after a normal incidence ion 
impact, an SHI passage in a subsurface region was modelled (see Fig. 7). It is clearly seen that 
the presence of a surface strongly affects the ion track kinetics up to the depth of ~8 nm, 
forming a conically shaped track. The track structure at a larger depth is similar to that in the 
bulk (cf. Fig. 6b). As shown in more detail in Figure 8, surface effects increase the size of the 
initially damaged region in Al2O3 at times of ~3 ps, despite the fact that the initially molten 
zone is almost cylindrical (at ~1 ps). At longer times (~6-10 ps) when the material starts to 
recover, the presence of the surface considerably hinders the recrystallization process, but 
the efficiency of this effect decreases with depth. Figure 7a also demonstrates formation of a 
surface hillock of ~1.4 nm in height. In contrast, no surface hillocks were observed in the 
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experiment (Fig. 1c). This difference is to be expected since the threshold for the track 
formation is underestimated in our model, as mentioned above.  
The effective equilibrium charge of 23 MeV I ion according to Barkas formula [16,36] 
of Zeff = +8.47 was used in simulations presented in Fig.7a, whereas the charge state of the ion 
beam delivered by the accelerator (in the experiments without carbon foils) is Z=+6. We 
performed simulations of the ion passage with an artificially fixed charge state Z=+6 as the 
limiting case, which reduces the ion energy deposition with respect to the equilibrium charge 
by a factor of two. This simulation shows only minor damage in Al2O3 at depths up to 1.5 nm 
(see Fig. 7b) and no hillock appeared on the surface, indicating that the reduction of the 
energy deposition brings the ion into a subthreshold regime. A similar situation can be 
observed in MgO (Fig. 7c,d), where the equilibrium charge state produces a small crystalline 
hillock, while the impact of a fixed charge state Z=+6 ion produces almost no effect.  
The kinetics of track recrystallization is presented in Fig. 8 and Fig. 9 for Al2O3 and 
MgO, respectively. In the case of Al2O3, the surface affects the recrystallization during 
formation of a hillock and a subsurface ion track, whereas the bulk part of the track is not 
influenced much. For comparison, the kinetics for MgO is shown in Fig. 9. It also shows that 
the subsurface region recrystallizes slower than the bulk part. Even at times of 20-30 ps, the 
nanohillock is still amorphous, but finally both the track and the nanohillock are crystalline. 
During the final recrystallisation phase, the size of the nanohillock does not change any more. 
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Figure 7. Projection along Y-axis of the MD supercells at 100 ps after the passage of 23 MeV I 
ion with (a) equilibrium charge state Zeff = +8.47 and (b) fixed charge state Zeff= +6 in Al2O3; (c) 
equilibrium charge state Zeff = +8.47 and (d) fixed charge state Zeff= +6 in MgO. 
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Figure 8.  MD snapshots of a 2 nm slice of the supercell of Al2O3 irradiated with 23 MeV I 
(equilibrium projectile charge) at different times after the ion passage. 
 
Figure 9. MD snapshots of a 2 nm slice of the supercell of MgO irradiated with 23 MeV I 
(equilibrium projectile charge) at different times after the ion passage. 
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5.3 Grazing SHI incidence 
Figure 10 shows results of modelling of 23 MeV I ion passage parallel to the surface at 
1 nm depth in Al2O3 and MgO. Setting the initial conditions for MD simulations, a part of the 
track modelled with TREKIS appearing above the surface was excluded from the subsequent 
calculations, effectively mimicking emission of electrons from the surface. Since the ion 
trajectory is much longer than the charge equilibration length, we used the equilibrium charge 
according to the Barkas formula.  
The simulation demonstrates formation of an extended surface structure in Al2O3 (Fig. 
10a), which consists of small extended hillocks with a height of about 1.5-2 nm. In contrast to 
Al2O3, MgO shows formation of a grove-like extended structure surrounded by droplets of 
ejected material (Fig. 10b). Both structures are in a good agreement with the experimental 
observations (cf. Figs. 1 and 2 above). 
 
Figure 10. Projection of a simulation box along Z axis at 100 ps after 23 MeV I ion passage at 
a depth of 1 nm parallel to the surface in a) Al2O3 and b) MgO. Atoms are coloured according 
to their Z coordinate, while surface is at Z=0.  
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Fig. 11 shows the kinetics of formation of surface defects in MgO upon irradiation at 
grazing angles (see also corresponding animation in the Supplementary Materials). At the 
time of 3 ps after the passage of the ion, an expanding cylinder with a shell of molten material 
forms, which then bursts (at 5-10 ps) separating extruded material in opposite directions 
along the ion path. The process is accompanied by a significant emission of atoms and clusters 
from the track region at later times (~10 ps). A part of the material is deposited on both sides 
of the groove where it recrystallizes together with the near-surface MgO region at times > 20 
ps.  
The kinetics of surface structure formation in Al2O3 (Fig. 12) is relatively simple in 
comparison to that in MgO. A passage of an SHI causes slight protrusion of the material with 
minor sputtering of atoms, and this protrusion then cools down forming a roll-like structure. 
The complete animation can be found in the Supplementary Materials. 
 
Figure 11. Kinetics of surface rift formation in MgO at different times after 23 MeV I ion 
passage at the depth of 1 nm parallel to the surface. The projection along the ion trajectory 
is shown. 
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Figure 12. Kinetics of surface defects formation in Al2O3 at different times after 23 MeV I ion 
passage at the depth of 1 nm parallel to the surface. Projection along the ion trajectory is 
shown. 
The difference in behaviour of these two materials under grazing SHI irradiation can 
be attributed to the mobility of atoms in the molten state. In order to interpret this effect, 
Table 1 shows viscosities of atoms in molten MgO and Al2O3 calculated with MD at 
temperatures of 100 K above the melting points (see details in Model Section). Higher 
mobilities of atoms in molten MgO can be noted (viscosity is several times lower in magnesia). 
A lower viscosity of atoms in MgO allows the material to be expelled easier from the target 
surface in the vicinity of the SHI trajectory. A higher viscosity in Al2O3 results in minimal 
extrusion of the material from a track.  
Another factor hindering material expulsion from a surface of a liquid is the surface 
tension. MD calculations at 100 K above the melting points show that higher surface tension 
in Al2O3 (Table 1) limits extrusion of a liquid material from the surface, transiently forming a 
roll-like hillock chain. In contrast, a lower surface tension in MgO allows material extrusion at 
early times and, since a part of the material is ejected, a groove is left behind. 
Material 
MD calc. viscosity, 
mPa⸱s 
Surface tension, 
mN/m 
MgO 1.44 325.0 
Al2O3 9.72 594.8 
Table 1. Viscosity and surface tension of molten Al2O3 and MgO calculated with the use of 
molecular dynamics. 
19 
 
 
6. Discussion 
 
Careful investigations of SHI irradiated Al2O3 demonstrated that ion track formation in Al2O3 
is a two steps process starting from the threshold of 10 keV/nm [12,37] and leading to the full 
amorphization at high fluences [38]. In the case of MgO, less research has been done, but this 
material is known to be highly resistant to electronic excitations induced by an SHI impact. A 
very high threshold for ion track formation (above 18 keV/nm) has been established for MgO 
[11,14,15,39]. 
Grazing incidence SHI irradiation makes identification of the SHI impact sites much 
easier, allowing studies of unusual track morphologies and processes occurring during the 
SHI-surface interaction [7,40-45]. For example, an origin of chainlike morphology of surface 
ion tracks has been attributed to the oscillating stopping power when SHI encounters 
different electronic densities when passing through the crystal layers at grazing incidence 
angles [40]. However, this effect could also play a role in ion track formation within the bulk, 
especially close to the threshold, and under the near-channelling irradiation conditions. An 
angle-dependent threshold is a clear evidence of oscillating stopping power causing ion track 
formation under the near-channelling conditions [9].  
There are many other processes that can either lower or raise the threshold for ion 
track formation on the surface. First, estimations made in Ref. [46] show that a surface may 
localize material excitation lowering the threshold for ion track formation. Second, electrons 
ejected into the vacuum can carry away a portion of the SHI deposited energy, but could also 
promote a Coulomb explosion mechanism due to (at least temporary) charge imbalance [47]. 
Third, ejection of the material (electronic sputtering) can also be active at high SHI energies 
and lead to another channel of energy dissipation [48]. Fourth, a presence of a surface can 
impede recrystallization process that is effective in the bulk [7].  
Generally, it has been experimentally observed that the surface ion tracks found after 
grazing incidence SHI irradiation have significantly lower thresholds than ion tracks in the bulk 
in the same material [7,9,43]. In this sense, present results agree with this observation, i.e. 8-
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9 keV/nm is a sufficient electronic stopping to produce well-developed ion tracks on the Al2O3 
and MgO surfaces.  
The main experimental result in the case of Al2O3 is an absence of ion tracks in the 
bulk at 9 keV/nm, and an appearance of long ion tracks at the surface after grazing incidence 
irradiation at the same electronic stopping power. The present study demonstrates that 
recrystallization plays a major role in ion track formation in Al2O3. The surface can suppress 
this process even at normal incidence irradiation. MD simulations clearly show the 
suppression of recrystallization during track formation in Al2O3 (see Fig. 8), leading to the 
experimentally detected ion track morphology already at 9 keV/nm. 
To explain the appearance of grooves on MgO surfaces, the suppression of 
recrystallization alone is not sufficient. Previously, grooves have been observed in SiC, 
another material highly resistant to SHI irradiation [43]. Sublimation of silicon atoms has been 
proposed as the formation mechanism of these shallow grooves. More recently, grooves 
found in CaF2 and mica have also been linked to the sublimation of the target [44,49], and 
material decomposition has been attributed to grooves formation in GaN [7]. As shown in Fig. 
11, MD simulations indicate that a splash of molten MgO following the SHI passage results in 
a groove along the ion trajectory and a part of displaced material can be found at the track 
rim. Also, ToF-ERDA measurements show that the surface stoichiometry remains unchanged. 
Therefore, processes leading to the observed morphology of the surface ion tracks in MgO 
are governed primarily by the properties of the melt, and not by the recrystallization process.  
 
Conclusion 
 
In this combined experimental and theoretical study, we explored reasons why ion tracks on 
the materials surfaces are more easily formed than in the bulk. We showed that both in Al2O3 
and MgO an effect of recrystallization makes ion tracks smaller and increases the threshold 
for their formation in the bulk vs. the surface. To some extent, simulations indicate that the 
ion charge state can influence the threshold for nanohillock formation as well.  
This study identified that properties of the molten material play a significant role in 
track formation on the surface, especially in the case of grazing incidence SHI irradiation. 
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Different track morphologies in MgO vs. Al2O3 were attributed to differences in atomic 
mobilities. In the case of Al2O3, the suppression of recrystallization at the material surface 
lowers the threshold for ion track formation, but a usual ion track morphology as a sequence 
of nanohillocks produced along an ion trajectory was found. Compared to Al2O3, a lower 
viscosity and lower surface tension in molten MgO leads to material loss, as clearly 
demonstrated by simulations, which finally results in the grove-like morphology of ion tracks 
found experimentally. 
 
Acknowledgements 
 
This work was supported by the Croatian Science Foundation (HRZZ pr. no. 2786 and 8127). The 
authors acknowledge financial support from the European Regional Development Fund for the 'Center 
of Excellence for Advanced Materials and Sensing Devices' (Grant No. KK.01.1.1.01.0001)”. The 
authors acknowledge CERIC-ERIC Consortium for the access to experimental facilities and financial 
support. This work is partially supported by the IAEA research contract No. 23009. L.B. and M.S 
acknowledge support from the DFG within the SFB1242 “Non-Equilibrium Dynamics of Condensed 
Matter in the Time Domain” (project number 278162697). Partial financial support from the Czech 
Ministry of Education, Youth and Sports, Czech Republic grants LTT17015, LM2015083 is 
acknowledged by N. Medvedev. The work was supported in parts by the Ministry of Science and High 
Education of the Russian Federation in the frameworks of FAIR-Russia Research Center (FRRC) and No. 
16 APPA (GSI) as well as Increase Competitiveness Program of NUST «MISiS», Moscow, Russia under 
Grant K3-2018-041. The work of A.E. Volkov was supported by NRC Kurchatov Institute (n.1603). R.A. 
Rymzhanov acknowledges partial financial support from AYSS JINR grant No. 20-502-06. This work has 
been carried out using computing resources of the Federal collective usage center Complex for 
Simulation and Data Processing for Mega-science Facilities at NRC “Kurchatov Institute”, 
http://ckp.nrcki.ru/, as well as computing resources of GSI Helmholtzzentrum  
https://www.gsi.de/en/work/research/it/hpc) and the HybriLIT heterogeneous computing platform 
(LIT, JINR, http://hlit.jinr.ru).  
22 
 
References 
 
[1] D. Fink (Ed.), Transport Processes in Ion-Irradiated Polymers, Springer Series in Materials 
Science 65, Springer-Verlag Berlin Heidelberg, 2004. 
[2] U. Amaldi, G. Kraft, Radiotherapy with beams of carbon ions, Rep. Prog. Phys. 68 (2005) 
1861. 
[3] R.A. Reed, G. Vizkelethy, J.A. Pellish et al., Applications of heavy ion microprobe for single 
event effects analysis, Nucl. Instr. Meth. Phys. Res. Sect. B 261 (2007) 443-446. 
[4] F. Aumayr, S. Facsko, A.S. El-Said, C. Tratumann, M. Schleberger, Single ion induced surface 
nanostructures: a comparison between slow highly charged and swift heavy ions, J. Phys.: 
Condens. Matter 23 (2011) 393001. 
[5] W. Wesch and E. Wendler (Eds.), Ion Beam Modification of Solids, Springer Series in 
Surface Science 61, Springer International Publishing, Switzerland, 2016. 
[6] F. Agulló-López, A. Climent-Font, Á. Muñoz-Martín, J. Olivares, A. Zucchiatti, Ion beam 
modification of dielectric materials in the electronic excitation regime: Cumulative and 
exciton models, Prog. Mat. Sci. 76 (2016) 1-58. 
[7] M. Karlušić, R. Kozubek, H. Lebius, B. Ban-d’Etat, R.A.Wilhelm, M. Buljan, Z. Siketić, F. 
Scholz, T. Meisch, M. Jakšić, S. Bernstorff, M. Schleberger, B. Šantić, Response of GaN to 
energetic ion irradiation - conditions for ion track formation J. Phys. D: Appl. Phys. 48 (2015) 
325304. 
[8] M. Karlušić, S. Bernstorff, Z. Siketić, B. Šantić, I. Bogdanović-Radović, M. Jakšić, M. 
Schleberger, M. Buljan, Formation of swift heavy ion tracks on a rutile TiO2 (001) surface, J. 
Appl. Cryst. 49 (2016) 1704-1712. 
[9] M. Karlušić, M. Jakšić, H. Lebius, B. Ban-d’Etat, R.A. Wilhelm, R. Heller, M. Schleberger, 
Swift heavy ion track formation in SrTiO3 and TiO2 under random, channeling and near-
channeling conditions, J. Phys. D: Appl. Phys. 50 (2017) 205302. 
[10] T. Aruga, Y. Katano, T. Ohmichi, S. Okayasu, Y. Kazumata, Amorphization behaviors in 
polycrystalline alumina irradiated with energetic iodine ions, Nucl. Instr. Meth. Phys. Res. 
Sect. B 166-167 (2000) 913-919. 
23 
 
[11] G. Szenes, Ion-induced amorphization in ceramic materials, J. Nucl. Mater. 336 (2005) 81-
89. 
[12] V.A. Skuratov, J. O’Connell, N.S. Kirilkin, J. Neethling, On the threshold of damage 
formation in aluminum oxide via electronic excitations, Nucl. Instr. Meth. Phys. Res. Sect. B 
326 (2014) 223-227. 
[13] V.A. Skuratov, S.J. Zinkle, A.E. Efimov, K. Havancsak, Surface defects in Al2O3 and MgO 
irradiated with high-energy heavy ions, Surf. & Coat. Techn. 196 (2005) 56-62. 
[14] T. Aruga, Y. Katano, T. Ohmichi, S. Okayasu, Y. Kazumata, S. Jitsukawa, Depth-dependent 
and surface damages in MgAl2O4 and MgO irradiated with energetic iodine ions, Nucl. Instr. 
Meth. Phys. Res. Sect. B 167 (2002) 94-100. 
[15] R.A. Rymzhanov, N. Medvedev, J.H. O’Connell, A. Janse van Vuuren, V.A. Skuratov, A.E. 
Volkov, Recrystallization as governing mechanism of ion track formation, Sci. Rep. 9 (2019) 
3837. 
[16] N.A. Medvedev, R.A. Rymzhanov, A.E. Volkov, Time-resolved electron kinetics in swift 
heavy ion irradiated solids, J. Phys. D. Appl. Phys. 48 (2015) 355303. 
[17] R.A. Rymzhanov, N.A. Medvedev, A.E. Volkov, Effects of model approximations for 
electron, hole, and photon transport in swift heavy ion tracks, Nucl. Instr. Meth. Phys. Res. 
Sect. B 388 (2016) 41-52. 
[18] Z. Siketić, I. Bogdanović-Radović, M. Jakšić, Development of a time-of-flight spectrometer 
at the Ruđer Bošković Institute in Zagreb, Nucl. Instr. Meth. Phys. Res. Sect. B 266 (2008) 1328-
1332. 
[19] J.F. Ziegler, M.D. Ziegler, J.P. Biersack, SRIM – the stopping and range of the ions in matter 
(2010), Nucl. Instr. Meth. Phys. Res. Sect. B 268 (2010) 1818-1823. 
[20] D. Nečas, P. Klapetek, Gwyddion: An open-source software for SPM data analysis, Cent. 
Eur. J. Phys. 10 (2012) 181-188. 
[21] M. Karlušić, S. Fazinić, Z. Siketić, T. Tadić, D.D. Cosic, I. Božičević-Mihalić, I. Zamboni, M. 
Jakšić, M. Schleberger, Monitoring ion track formation using in situ RBS/c, ToF-ERDA and HR-
PIXE, Materials 10 (2017) 1041. 
24 
 
[22] M. Karlušić, C. Ghica, R.F. Negrea, Z. Siketić, M. Jakšić, M. Schleberger, S. Fazinić, On the 
threshold for ion track formation in CaF2, New J. Phys. 19 (2017) 023023. 
[23] K. Arstila, J. Julin, M.I. Laitinen, J. Aalto, T. Konu, S. Kärkkäinen, S. Rahkonen, M. Raunio, 
J. Itkonen, J.P. Santanen, et al., Potku—New analysis software for heavy ion elastic recoil 
detection analysis, Nucl. Instr. Meth. Phys. Res. Sect. B 331 (2014) 34-41. 
[24] R.A. Rymzhanov, N.A. Medvedev, A.E. Volkov, Damage threshold and structure of swift 
heavy ion tracks in Al2O3, J. Phys. D. Appl. Phys. 50 (2017) 475301. 
[25] R.H. Ritchie, A. Howie, Electron excitation and the optical potential in electron 
microscopy, Philos. Mag. 36 (1977) 463-481. 
[26] T. Boutboul, A. Akkerman, A. Breskin, R. Chechik, Electron inelastic mean free path and 
stopping power modelling in alkali halides in the 50 eV–10 keV energy range, J. Appl. Phys. 
79 (1996) 6714-6721. 
[27] J.-C. Kuhr, H.-J. Fitting, Monte Carlo simulation of electron emission from solids, J. 
Electron Spectros. Relat. Phenomena. 105 (1999) 257-273. 
[28] S. Plimpton, Fast Parallel Algorithms for Short-Range Molecular Dynamics, J. Comput. 
Phys. 117 (1995) 1-19. 
[29] R.A. Rymzhanov, S.A. Gorbunov, N. Medvedev, A.E. Volkov, Damage along swift heavy 
ion trajectory, Nucl. Instr. Meth. Phys. Res. Sect. B 440 (2019) 25-35. 
[30] M. Matsui, Molecular dynamics simulation of structures, bulk moduli, and volume 
thermal expansivities of silicate liquids in the system CaO-MgO-Al2O3 -SiO2, Geophys. Res. 
Lett. 23 (1996) 395-398. 
[31] H.J.C. Berendsen, J.P.M. Postma, W.F. van Gunsteren, A. DiNola, J.R. Haak, Molecular 
dynamics with coupling to an external bath, J. Chem. Phys. 81 (1984) 3684-3690. 
[32] A. Stukowski, Visualization and analysis of atomistic simulation data with OVITO–the 
Open Visualization Tool, Model. Simul. Mater. Sci. Eng. 18 (2010) 015012 
[33] M.S. Green, Markoff Random Processes and the Statistical Mechanics of Time‐
Dependent Phenomena. II. Irreversible Processes in Fluids, J. Chem. Phys. 22 (1954) 398-
413. 
25 
 
[34] R. Kubo, Statistical-Mechanical Theory of Irreversible Processes. I. General Theory and 
Simple Applications to Magnetic and Conduction Problems, J. Phys. Soc. Japan. 12 (1957) 
570-586. 
[35] W. Yu, D. Stroud, Molecular-dynamics study of surface segregation in liquid 
semiconductor alloys, Phys. Rev. B. 56 (1997) 12243-12249. 
[36] W.H. Barkas, Nuclear research emulsions., Vol. 1, Academic Press, New York, 1963. 
http://hdl.handle.net/2027/uc1.b3533401 (accessed November 20, 2013). 
[37] B. Canut, A. Benyagoub, G. Marest, A. Meftah, N. Moncoffre, S.M.M. Ramos, F. Studer, 
P. Thevenard, M. Toulemonde, Swift-uranium-ion-induced damage in sapphire, Phys. Res. B 
51 (1995) 12194-12201. 
[38] A. Kabir, A. Meftah, J.P. Stoquert, M. Toulemonde, I. Monnet, Amorphization of sapphire 
induced by swift heavy ions: A two-step process, Nucl. Instr. Meth. Phys. Res. Sect. B 266 
(2008) 2976-2980. 
[39] C-W. Lee, A. Schleife, Hot-Electron-Mediated Ion Diffusion in Semiconductors for Ion-
Beam Nanostructuring, Nano Lett. 19 (2019) 3939-3947. 
[40] E. Akcöltekin, T. Peters, R. Mayer, A. Duvenbeck, M. Klusmann, I. Monnet et al., Creation 
of multiple nanodots by single ions, Nature Nanotechnol. 2 (2007) 290 – 294. 
[41] M. Karlušić, S. Akcöltekin, O. Osmani, I. Monnet, H. Lebius, M. Jakšić, M. Schleberger, 
Energy threshold for the creation of nanodots on SrTiO3 by swift heavy ions, New J. Phys 12 
(2010) 043009. 
[42] S. Akcöltekin, H. Bukowska, T. Peters, O. Osmani, I. Monnet, I. Alzaher, B. Ban-d’Etat, H. 
Lebius, M. Schleberger, Unzipping and folding of graphene by swift heavy ions, Appl. Phys. 
Lett. 98 (2011) 103103. 
[43] O. Ochedowski, O. Orkhan, M. Schade, B.K. Bussmann, B. Ban-d'Etat, H. Lebius, M. 
Schleberger, Graphitic nanostripes in silicon carbide surfaces created by swift heavy ion 
irradiation, Nature Commun. 5 (2014) 3913. 
[44] E. Gruber, P. Salou, L. Bergen et al., Swift heavy ion irradiation of CaF2 – from grooves to 
hillocks in a single ion track, J. Phys.: Condens. Matter 28 (2106) 405001. 
26 
 
[45] A. Kitamura, N. Ishikawa, K. Kondo, S. Yamamoto, T. Yamaki, FE-SEM observation of 
chains of nanohillocks in SrTiO3 and Nb-doped SrTiO3 surfaces irradiated with swift heavy ions, 
Nucl. Instr. Meth. Phys. Res. Sect. B, 460 (2019) 175-179. 
[46] C. Ronchi, The nature of surface fission tracks in UO2, Journal of Applied Physics 44 (1973) 
3575-3585. 
[47] M. Karlušić, M. Jakšić, Thermal spike analysis of highly charged ion tracks, Nucl. Instr. 
Meth. Phys. Res. Sect. B 280 (2012) 103-110. 
[48] M. Toulemonde, W. Assmann, C. Dufour, A. Meftah, F. Studer and C. Trautmann, 
Experimental Phenomena and Thermal Spike Model Description of Ion Tracks in 
Amorphisable Inorganic Insulators, Mat. Fys. Medd. Dan. Vid. Selsk. 52 (2006) 263-292. 
[49] E. Gruber, L. Bergen, P. Salou, E. Lattouf, C. Grygiel, Y. Wang, A. Benyagoub, D. 
Lavavasseur, J. Rangama, H. Lebius, B. Ban-d’Etat, M. Schleberger, F. Aumayr, High 
resolution AFM studies of irradiated mica-following the traces of swift heavy ions under 
grazing incidence, J. Phys.: Cond. Matter 30 (2018) 285001. 
